Objectives: To elucidate the evolutionary history of Staphylococcus aureus clonal complex (CC) 8, which encompasses several globally distributed epidemic lineages, including hospital-associated methicillin-resistant S. aureus (MRSA) and the highly prevalent community-associated MRSA clone USA300.
Introduction
The worldwide emergence and spread of methicillin-resistant Staphylococcus aureus (MRSA) over the last 50 years represents one of the most serious challenges to clinical microbiologists worldwide. The first MRSA isolates, which appeared in the UK and Denmark shortly after the introduction of penicillinase-stable methicillin in 1959, were assigned to the so-called Archaic MRSA clone. 1 Methicillin resistance had been acquired through horizontal transfer of the mecA gene from an unknown source into a methicillin-susceptible S. aureus (MSSA). Comparison of early MRSA and contemporary MSSA and MRSA isolates revealed close phenotypic and genotypic similarity, suggesting specific MSSA clones as ancestors of the first MRSA in Europe. 1 These ancestors belonged to clonal complex (CC) 8, which encompasses several MRSA, including the Archaic clone (ST250-MRSA-I, where ST stands for sequence type), 2 -4 the Iberian clone (ST247-MRSA-I) 3 and other multiresistant, hospital-associated MRSA of more geographically limited importance, such as the Hanover clone (ST254-MRSA-IV; UK EMRSA-10), which was prevalent in Europe during the 1990s. The Brazilian/Hungarian clone (ST239-MRSA-III) and the Portuguese clone (ST239-MRSA III variant) are also related to CC8, as they originated through a recombination event involving CC8 and CC30 S. aureus. 5 Further, one of the most prevalent community-associated MRSA (CA-MRSA) clones, termed USA300 (ST8-MRSA-IV), belongs to CC8 and its emergence likely represents a recent evolutionary process within this CC. 6 # The Author 2013. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com J Antimicrob Chemother 2014; 69: 616 -622 doi:10.1093/jac/dkt413 Advance Access publication 22 October 2013 We have previously demonstrated the utility of a genome-wide mutation discovery strategy to elucidate the population structure of S. aureus. 7 -10 In this study we used this approach to reconstruct the evolutionary history of CC8. We included contemporary MRSA and MSSA as well as isolates from the 1950s through the 1960s, 1, 3 collected from five continents.
Materials and methods

Bacterial isolates and their characterization
A total of 174 CC8 isolates from 33 different countries on five continents, sampled between 1957 and 2008, were included in this study (Table S1 , available as Supplementary data at JAC Online). Isolates to be included were chosen to maximize geographical and temporal coverage. All isolates were subjected to antimicrobial susceptibility testing by the use of microbroth dilution according to EUCAST guidelines (www.eucast.org). The following clinically or epidemiologically relevant antibiotics were tested: penicillin, oxacillin (antibiotic class: b-lactams), gentamicin (aminoglycosides), linezolid (oxazolidinones), erythromycin, clindamycin (macrolides-lincosamides-streptogramins B, MLS B ), tetracycline (tetracyclines), vancomycin, teicoplanin (glycopeptides), ciprofloxacin, moxifloxacin (quinolones), daptomycin (lipopeptides), mupirocin, fosfomycin, rifampicin, fusidic acid and trimethoprim/sulfamethoxazole. Genomic DNA was isolated from overnight cultures with the DNeasy Tissue Kit (Qiagen, Hilden, Germany) using lysostaphin (100 mg/L, Sigma, Taufkirchen, Germany) to achieve bacterial lysis. spa typing and multilocus sequence typing (MLST) were performed as described previously. 11 -13 SCCmec elements were typed by a PCR approach including a combination of different primer sets as described before 14 and supplemented for the detection of ccrC (Table S2 , available as Supplementary data at JAC Online). LukSF-PV, arcA (ACME) and msrA were detected by PCR using the primers and PCR conditions summarized in Table S2, available as Supplementary data at JAC Online. All PCR reactions were carried out using Fermentas PCR Mastermix (ThermoScientific, Dreieich, Germany). Further characterization of lukSF-PV type was done as reported by O'Hara et al. 15 Plasmid typing was performed as described recently. 16 
Mutation discovery
A total of 112 housekeeping loci were investigated for the occurrence of sequence polymorphisms in comparison with S. aureus COL (GenBank accession number NC_002951). All loci were 400-500 bp in length (Table S3 , available as Supplementary data at JAC Online), thus covering a total of 1.5% of the genome from each of the 174 isolates. They were amplified by PCR and amplicons were further analysed by denaturing HPLC (dHPLC-WAVE; Wave w Nucleic Acid Fragment Analysis System, Transgenomic, Glasgow, UK) as described previously. 8 All mutations identified were verified by capillary Sanger sequencing. All loci investigated, PCR primers and annealling temperatures are provided in Table S3 , available as Supplementary data at JAC Online.
Data analysis
Based on all single-nucleotide polymorphisms detected, we constructed a minimum spanning tree using BioNumerics 6.5 (Applied Maths, SintMartens-Latem, Belgium). Additionally, we concatenated the sequences of all loci investigated for each of the 174 isolates, resulting in a sequence alignment 41679 bp in length. Based on this alignment we constructed a maximum likelihood tree using the PhyML v3.0.1 algorithm included in SeaView 4.2.11 and applying the HKY model of DNA substitution. 17, 18 This tree was rooted by including the corresponding sequence from the distantly related S. aureus N315 (NCBI GenBank accession number NC_002745). Visualization and annotation of the tree with external datasets was performed using iTOL (http://itol.embl.de). 19 Root-to-tip distances in the maximum likelihood tree were determined with Path-o-gen software (http://tree.bio.ed.ac.uk/software/pathogen/). DnaSP v5 was used to estimate the nucleotide diversity (p). 20,21 PAUP 4.0 (http://paup.csit.fsu.edu/) was used to calculate the homoplasy index and likelihood scores for maximum-likelihood trees, with and without a molecular clock enforced, respectively. For a likelihood ratio test, the statistical significance of differences between likelihood scores was assessed by assuming a x 2 distribution and s 22 degrees of freedom, where s was the number of sequences included. 22 Evolutionary rates and divergence times were calculated with the BEAST software, 1.7.5 (http://beast.bio.ed.ac.uk/), 23 using the HKY model of nucleotide substitution and strict as well as relaxed clock models based on the concatenated protein coding sequences dated with the year of isolate sampling and with 10 8 iterations after a burn-in phase of 10 7 iterations. Data from three independent analyses were averaged to estimate posteriors, resulting in effective sample size values close to or greater than 1000 for all parameters. The resulting set of sampled trees was used to estimate the strength of phylogeny-trait associations for geographical origin, spa types, SCCmec types, virulence gene and plasmid type content, applying Bayesian tip-association significance testing to calculate the maximum monophyletic clade (MC) statistic (BaTS, version 1. 0 24 ). For these analyses, indistinguishable isolates were removed from the dataset and 100 trees were sampled from BEAST results. 10 The null hypothesis of no association between trait and phylogeny was estimated on the basis of 100 randomizations of isolate-character associations, and the null hypothesis was rejected if P,0.05.
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Results and discussion
Population structure, phylogeography and evolutionary rates
We performed mutation discovery on 1.5% (41 679 bp) of the genomes from each of 174 S. aureus isolates by using denaturing HPLC. 8 Ascertained polymorphisms and their properties are summarized in Table S4 (available as Supplementary data at JAC Online); they comprised 199 bi-allelic single-nucleotide polymorphisms (SNPs) resulting in 103 different haplotypes. Sixty-two SNPs were parsimony informative, as their derived alleles were found in more than one haplotype. The nucleotide diversity p (the average number of nucleotide differences per site between sequences from two isolates) was 0.00019+0.00001, which is approximately twice the nucleotide diversity found in S. aureus lineage ST5. 8 A very low level of homoplasy (homoplasy index, 0.03) indicated that CC8 is a highly clonal population, similar to other lineages of S. aureus. 8, 10, 25 Our maximum likelihood phylogenetic analyses revealed nine clades within CC8 (Figure 1) , and a minimum spanning tree displayed an identical clade distribution ( Figure S1 , available as Supplementary data at JAC Online). Each of these clades can be identified on the basis of specific SNPs (Table S5 , available as Supplementary data at JAC Online). Of these nine clades (CC8-A to CC8-I), two were identified by conventional MLST: clade CC8-D, which corresponds to ST254 ( Figure S1 , available as Supplementary data at JAC Online), an ST that was prevalent among multiresistant, hospital-associated MRSA in Europe during the 1990s; and clade CC8-E, which includes all ST250 and ST247 isolates ( Figure S1 , available as Supplementary data at JAC Online), representing the Archaic and Iberian MRSA clones. Since these clones represent early epidemics of infections with MRSA, 26 it is not surprising that clades CC8-D and CC8-E contain the majority of historic isolates in our collection, which had been collected between the 1950s Evolution of S. aureus CC8 Isolates in clade CC8-C were collected from five continents; most of these isolates were obtained during a large international multicentre study of S. aureus in hospitals. 27 Clades CC8-F to CC8-I represent minor clades with limited numbers of isolates.
Compared with previous findings for various clonal lineages, 8, 25, 28 we found relatively little association between phylogeny and geographical origin. Accordingly, Bayesian tip-association significance testing (using BaTS analysis 24 ) indicated that isolates from most countries were not more strongly associated with any specific clades in the phylogenetic tree than would be expected from a random distribution (i.e. P .0.05; Table S6 , available as Supplementary data at JAC Online). In clades CC8-A, CC8-C, CC8-D and CC8-E, isolates from different continents cluster together in identical haplotypes. Clade CC8-B consists of isolates from European countries exclusively, however, and the existence of additional continent-specific clades might be masked by the predominance of European isolates in our collection. Thus the absence of a phylogeographical association may in part be due to the small sample size in relation to the large geographical area and time span covered.
Based on the sequence alignment of protein coding sequences from isolates that had been sampled over 51 years (Table S1, ). This average rate is similar to rates previously reported for other clonal lineages of S. aureus. 7, 25, 28, 29 However, substitution rates varied significantly among clades, as indicated by the result of a likelihood ratio test (P, 1×10 29 ), 22 justifying the use of a relaxed molecular clock model. 30 When using a relaxed clock (uncorrelated lognormal model), the mean coefficient of variation of the substitution rate was 1.3 (95% CI, 0.8 -1.9), supporting the notion of rate heterogeneity among clades. 30 This is remarkable as it had not been observed in previously analysed datasets on other CCs of S. aureus, 7, 10, 25 suggesting that CC8 shows unusually strong variation of evolutionary rates. These preliminary results warrant a systematic investigation of substitution rate variation in CC8, which will, however, require a larger dataset including additional isolates and/or longer sequences (e.g. complete genome sequences).
Evolution of antibiotic resistance
When we tested in vitro susceptibilities to 18 antimicrobial substances encompassing 13 antibiotic classes, CC8 isolates displayed diverse resistance patterns (Table S1 , available as Supplementary data at JAC Online), ranging from full susceptibility in some isolates to broad resistance to up to nine different antibiotic classes in others (Table S1 and Figure S3 , available as Supplementary data at JAC Online). The majority of broadly resistant isolates were found in clade CC8-E, encompassing the multiresistant hospitalassociated Iberian clone (ST247 ; Table S1 and Figure S3 , available as Supplementary data at JAC Online). 3 However, isolates resistant to five to seven antibiotic classes were found in all CC8 lineages ( Figure S3 , available as Supplementary data at JAC Online). Remarkably, for clades CC8-A and CC8-E we found significant positive correlations (P,0.01 and P,0.001, respectively) between root-to-tip distances in a maximum-likelihood phylogenetic tree and the number of antibiotic classes to which the corresponding isolates were resistant (Figure 2 and Figure S3 , available as Supplementary data at JAC Online). This result indicates a continuous gain of antibiotic resistances during the evolution of these lineages, at least for the limited number of antibiotics tested in this study. The increase in resistance in CC8-E displays a steeper slope than that in CC8-A, which may reflect differential selection pressures in mostly hospital-associated MRSA (CC8-E) and community-associated MRSA (i.e. USA300 in CC8-A). Isolates in clade CC8-E have acquired a higher number of resistance traits (median, 6; maximum, 9) than those in CC8-A (median, 2; maximum, 5), which may be a result of the older age of CC8-E, reflected by longer branch lengths in the phylogenetic tree (Figure 2 ). In any case, these results indicate that CC8-A/USA300 is on an evolutionary trajectory towards increasing resistance, which is corroborated by recent reports on emerging resistance in USA300 MRSA, 31, 32 and which may predict that this strain is likely to gain resistance to additional antimicrobials in the future. Similarly, an increase in antibiotic resistance over time has previously been observed in hospital-associated MRSA in CC22. 25 In contrast, no significant correlation was found for clades CC8-B (P¼0.7; Figure 2 ), CC8-C (P¼0.7) and CC8-D (P¼0.5). For clades CC8-C and CC8-D this may be due to insufficient sampling size and temporal coverage. Clade B contains the Danish t024 clone (haplotype CC8-B-3; Figure S1 , available as Supplementary data at JAC Online) and its Evolution of S. aureus CC8 progeny at the top of the clade and almost all of the isolates clustering here were collected in Northern Europe. In contrast to USA300, the Danish t024 clone has had a very slow expansion, with only 308 cases identified between 2003 and 2008. Due to the Danish MRSA 'search and destroy' policy, this is a close estimate of the true number of cases in this time period. Overall, our sample of isolates is limited. Moreover, our collection of isolates is heavily skewed towards those identified in healthcare settings; most probably we would see a different development in lineages containing isolates that are not put under antibiotic-driven selection pressure. By mapping structurally different SCCmec elements onto the SNP-based phylogeny we identified eight independent SCCmec uptake events in CC8 (Figure 1) . The predominance of SCCmecI in clade CC8-E reflects the evolution of ST250-MRSA-I and its most successful descendant, ST247-MRSA-I, from the early 1960s until now (Figure 1 and Figure S1 , available as Supplementary data at JAC Online). Haplotypes close to the root of clade CC8-E contain MSSA and MRSA from several decades, confirming previous suggestions concerning the evolution of the first MRSA in Europe. 2 -4 Among MRSA in all other clades within CC8, SCCmecIV is the predominant type of SCCmec. In addition, a few isolates with diverse phylogenetic affiliations carry SCCmecV (n ¼5; geographical origin: Denmark, Nigeria, Singapore) or SCCmecVI (n¼1; Japan).
Plasmid content
We used a recently described approach for classification of plasmids in S. aureus, 16 which assigns plasmids to rep families based on PCR detection of specific rep gene sequences. In our collection of CC8 isolates, we detected eight of the previously described rep families, including rep7 (n¼29), rep10 (n¼ 21), rep13 (n¼ 8), rep15 (n¼6), rep16 (n¼ 23), rep20 (n¼88), rep21 (n¼71) and rep22 (n¼ 42) (Figure 1) . We found rep genes in 153 isolates (88%) from our collection. Individual isolates carried up to five different rep genes ( Figure 1 and Table S1 , available as Supplementary data at JAC Online), reflecting the carriage of multiple different plasmids per isolate and/or the presence of several rep genes on some of the plasmids. 16, 33 While some rep families were associated with specific clades in the phylogenetic tree (as statistically supported by BaTS analysis at P,0.01; Table S6 , available as Supplementary data at JAC Online; BaTS results), plasmids with rep genes from other families were more widely distributed across sublineages within CC8 (Figure 1 and Table S6 , available as Supplementary data at JAC Online; BaTS). The association of rep families rep16 and rep21 with clade CC8-A is in agreement with the previously described, uniform presence of a rep16 plasmid of 27 kbp, carrying multiple resistance genes including msrA, and a small cryptic rep21 plasmid of 2.5 kbp in epidemic USA300 isolates from the USA. 33, 34 Our data confirm the presence of both these plasmids together with the msrA gene in 19 USA300 isolates from four continents, with a few exceptions where either one of the two plasmids had been lost (Figure 1 ). Several USA300 isolates in our collection carried additional rep genes, including one isolate with rep15, which corresponds to a conjugative plasmid encoding the tra complex and the resistance genes erm(C) and ileS. 34 As a result, this isolate (09-00124) is resistant to five classes of antibiotics (Table S1 and Figure S3 , available as Supplementary data at JAC Online), indicating the important role of plasmid transfer in the evolution of antibiotic resistance. Of note, MSSA and MRSA isolates in our collection that represent the predecessors of the USA300 strain, branching off deeply within clade CC8-A, carry a different plasmid with a rep20 gene, which later was lost and replaced with rep16 and rep21 plasmids. spa typing spa typing revealed 26 different spa types among the 174 isolates, with four spa types (t008, t051, t024 and t064) covering 80% of all isolates (Table S1 and Figure S4 , available as Supplementary data at JAC Online). spa type t008 is presumed to be the ancestral spa type within CC8; 12 it is non-randomly distributed in the SNP-based phylogenetic tree, as it is rare in both lineage CC8-C and lineage CC8-E (P,0.05; Table S6 and Figure S4 , available as Supplementary data at JAC Online). spa type t064 was associated with clade CC8-C (P,0.05; Table S6 and Figure S4 , available as Supplementary data at JAC Online). In contrast, the distribution of spa types t024 and t211 on the phylogenetic tree suggests convergent evolution of spa, which has been previously described for other clonal lineages 8, 28, 35 and which restricts the utility of spa typing for spatial epidemiology. 9 
Distribution of lukSF-PV and arcA
Twenty-four isolates were positive for lukSF-PV (Table S1 , available as Supplementary data at JAC Online and Figure 1 ) and they all share the same PVL-ST 'R'. 15 All these isolates are affiliated to clade CC8-A, suggesting lukSF-PV was acquired only once in CC8. This is in contrast to other CCs, where multiple acquisitions of lukSF-PV-carrying phages were evident. 8, 10, 25, 36 Clade CC8-A contains only three isolates devoid of lukSF-PV, which has been discussed extensively for its pathogenic relevance in community-acquired S. aureus infection and which is generally accepted as an epidemiological marker associated with community-acquired MRSA. 37, 38 Interestingly, the lukSF-PV-negative isolates are located closest to the root of clade CC8-A ( Figure 1 ) and represent isolates with the oldest sampling date in this clade (1996; Figure S2 , available as Supplementary data at JAC Online), indicating that the acquisition of lukSF-PV occurred early in the evolution of CC8-A.
arcA, the second epidemiological marker previously connected primarily to CA-MRSA USA300, was detected in clades CC8-A and CC8-B, indicating at least two independent acquisition events for CC8 (Table S1 , available as Supplementary data at JAC Online and Figure 1 ). The detection of lukSF-PV-positive, arcA-negative isolates and their position in clade CC8-A indicates the sequential uptake of the corresponding mobile genetic elements during the course of evolution (Figure 1) , eventually leading to the emergence of the USA300 clone. 6 In contrast, lukSF-PV-negative, arcApositive isolates that occur in clade CC8-B clearly are unrelated (Figure 1 ). Such isolates have previously been described for CC8 and beyond; 38 -40 they may carry arcA on ACME elements that are structurally distinct from those elements in USA300. 41, 42 Six out of eight arcA-positive isolates in clade CC8-B share the same spa type t024 and seven originate from Denmark, indicating the existence of a locally expanding t024 MRSA that is unrelated to t024 isolates from other countries. These isolates are characterized by variations in the J3 region of SCCmecIVa, often including the arcA genes. 40, 41, 43 Whether this clone originally evolved in Denmark has previously been unknown. Our analyses show that three of the arcA-positive t024 isolates from Denmark are affiliated to SNP-based haplotype CC8-B-3 ( Figure S1 and Table S1 , available Strommenger et al. as Supplementary data at JAC Online), which also includes an MSSA isolate from Copenhagen/Denmark from 1967 (09-00010), indicating this haplotype's presence in the region for several decades and suggesting the local evolution of t024 MRSA. The persistence over several years of locally endemic MRSA clones has recently been reported also for other regions. 44 Stepwise evolution of USA300
Based on the distribution of marker genes on the SNP-based phylogeny (Figure 1) , we suggest a model for the stepwise evolution of epidemic USA300 from a methicillin-susceptible ancestor, involving a series of acquisitions and losses of mobile genetic elements as follows: (i) acquisition of rep20 plasmid by a methicillinsusceptible progenitor; (ii) subsequent acquisition of SCCmecIV element and lukSF-PV prophage; Bayesian coalescence analysis dated the emergence of this methicillin-resistant progenitor of USA300 to approximately 1976 (95% CI, 1960 -1989); (iii) subsequent replacement of the rep20 plasmid by rep21 and rep16 plasmids (encoding msrA), and acquisition of an ACME element (encoding arcA) occurred; later, occasional acquisition of additional plasmids and loss of individual plasmids. Additional, more subtle changes, including point mutations and small deletions, have evidently occurred in the remainder of the genome. 6 During its evolutionary history, USA300 has accumulated a growing number of antibiotic resistance traits; if this trend cannot be stemmed, USA300 is likely to become a multiresistant pathogen in the future.
